Summary
The centrosome, consisting of a pair of centrioles surrounded by pericentriolar material, directs the formation of bipolar spindles during mitosis. Aberrant centrosome number can promote chromosome instability, which is implicated in tumorigenesis [1, 2] . Thus, centrosome duplication needs to be tightly regulated to occur only once per cell cycle. Separase, a cysteine protease that triggers sister chromatid separation [3] , is involved in centriole disengagement, which licenses centrosomes for the next round of duplication [4] [5] [6] [7] [8] . However, at least two questions remain unsolved: what is the substrate relevant to the disengagement, and how does separase, activated at anaphase onset, act on the disengagement that occurs during late mitosis [6, 7, 9, 10] . Here, we show that kendrin, also named pericentrin, is cleaved by activated separase at a consensus site in vivo and in vitro, and this leads to the delayed release of kendrin from the centrosome later in mitosis. Furthermore, we demonstrate that expression of a noncleavable kendrin mutant suppresses centriole disengagement and subsequent centriole duplication. Based on these results, we propose that kendrin is a novel and crucial substrate for separase at the centrosome, protecting the engaged centrioles from premature disengagement and thereby blocking reduplication until the cell passes through mitosis.
Results and Discussion
Kendrin Is Specifically Cleaved at a Consensus Site for Separase during Mitosis Kendrin is a giant coiled-coil protein localized in the pericentriolar material as an integral component [11] where it serves as a multifunctional scaffold by anchoring numerous proteins and protein complexes [12] [13] [14] . Our anti-kendrin antibody detected two discrete bands on immunoblots: a slowmigrating band corresponding to the full-length protein and a fast-migrating band ( Figure 1A ). Both bands decreased after treatment with kendrin small interfering RNA (siRNA) ( Figure 1A ), confirming that they were translated from kendrin messenger RNA. Furthermore, the intensity of the two bands fluctuated during the cell cycle ( Figure 1B) . The full-length band was detected mainly from the G1/S boundary through early mitosis (at 0-8 hr in Figure 1B and Figure S1A available online), whereas the fast-migrating band became prominent from late mitosis through early G1 (at 10-12 hr in Figure 1B and Figure S1A ). In addition, the full-length band was shifted by phosphorylation when arrested in early mitosis by nocodazole treatment ( Figure S1B ).
To examine whether the fast-migrating band was generated by limited proteolysis, we expressed full-length kendrin double-tagged with hemagglutinin (HA) and Flag at the N and C termini, respectively ( Figure 1C ), in HeLa cells, and collected the cells at four time points to detect typical changes in the kendrin immunoreactive bands: (1) asynchronous, (2) G1/S, (3) prometaphase, and (4) late mitosis ( Figure 1D ). Anti-HA antibody detected all the bands detected by the anti-kendrin antibody, whereas anti-Flag antibody detected only the full-length band, indicating that the fast-migrating band lacked the C terminus and was thus generated by limited proteolysis of the C-terminal region.
By using C-terminal truncated mutants and internal deletion mutants, we narrowed the potential cleavage site to the region between amino acids 2136 and 2427 (see Figures S1C-S1E). We then searched for protease recognition sites in this region and identified a consensus sequence for separase cleavage (SxExxR) [15] at amino acids 2226-2231 ( Figure 1E ), which is well conserved among various vertebrate orthologs of kendrin. We generated a mutant of this potential cleavage site from SxExxR to SxRxxE (E2228R/R2231E), named kendrin ERRE , and examined its cleavage during late mitosis. Immunoblotting with anti-HA antibody showed that HA-kendrin ERRE -Flag was not cleaved ( Figure 1F, middle) . However, the fast-migrating band derived from endogenous kendrin was still detected ( Figure 1F , left), confirming that separase activity was not suppressed in these cells. Furthermore, the mutant localized to the centrosomes, as does the wild-type (WT) ( Figure 1G ) excluding the possibility that kendrin ERRE escaped cleavage via mislocalization. These results indicate that kendrin is cleaved at a consensus site for separase at the centrosome.
Kendrin Is a Novel Centrosomal Substrate for Separase
We next asked whether kendrin cleavage is dependent on separase by suppressing separase expression using RNA interference techniques. As shown in Figure 2A , the amount of the fast-migrating band decreased in parallel with the decrease in separase protein (both the full-length and autocleavage products), indicating that cleavage of kendrin was dependent on the presence of separase. We next examined the effect of separase coexpression on the change in the kendrin bands ( Figure 2B ). Catalytically inactive separase (separase CA ) [16] had no effect on the fluctuation of kendrin WT bands. By contrast, coexpression of separase wt with kendrin WT resulted in an increase in intensity of the fast-migrating band, even at prometaphase ( Figure 2B , condition 3), when kendrin wt usually remains intact (see Figure 1D , condition 3). We next performed in vitro cleavage assay using the purified proteins. Active and inactive mutants of separase, separase SA [16] , and separase CA , respectively, were prepared by treatment with a mitotic extract of Xenopus eggs [17] (Figure 2Ca ) as described in Supplemental Experimental Procedures [18] . Figure 2Cb shows that the fast-migrating band was generated by separase SA , but not by separase CA , indicating that activated separase can cleave kendrin in vitro at the same site identified in vivo. Furthermore, the timing of endogenous kendrin cleavage (1.5 hr after release from nocodazole arrest) coincided with the appearance of the autocleavage product of separase ( Figure 2D ), an indicator of endogenous separase activation [16] .
Taken together, these results indicate that kendrin is cleaved at the consensus site (R2231) by activated separase in vivo as well as in vitro, and thus is a novel substrate for separase at the centrosome.
Cleaved Kendrin Is Released from Centrosomes after a Short Lag
We next followed the fate of kendrin after cleavage. Although we tried to detect the C-terminal cleavage product generated from HA-kendrin WT -Flag, it could not be detected in either detergent-soluble or -insoluble fractions ( Figure S2A ). This fragment may be degraded soon after the cleavage because the newly generated N-terminal lysine is a destabilizing residue according to the N-end rule [19] . On the other hand, HA-kendrin , corresponding to the N-terminal cleavage product, lacks the C-terminal centrosome-targeting domain [20] and, therefore, localized in the cytosol ( Figure 3A ). Because the epitope recognized by the anti-kendrin antibody lies within kendrin (Figure 1C ), the immunofluorescence of endogenous kendrin may be dissociated from the centrosomes after cleavage. As shown in Figure 3B and Figure S2B, the kendrin immunofluorescence at the centrosome increased until metaphase. Surprisingly, however, the signal remained strong at the spindle poles in anaphase, and then decreased from telophase to cytokinesis. Kendrin is a coiled-coil protein that can form a homodimer or an oligomer ( Figure S2C) ; thus, the N-terminal cleavage product might be retained at the centrosomes via interactions with either the C-terminal cleavage product or uncleaved kendrin. The interaction of kendrin 1-2231 with full-length kendrin but not with kendrin 2232-3245 was detected by immunoprecipitation (Figure 3C ) and by immunofluorescence ( Figure 3D ), in which HA-kendrin 1-2231 was recruited to the centrosome only when Flag-kendrin WT was coexpressed (compare with Figure 3A) . These results suggest that kendrin remains attached to the centrosome until late mitosis via interaction with as-yet uncleaved kendrin.
Centriole Disengagement Coincides with a Decrease in the Kendrin Signal at the Centrosome Despite its dependence on separase activation, centriole disengagement occurs from late mitosis to G1 [9, 10] . Therefore, we hypothesized that this time lag may be attributed to a delay in the release of cleaved kendrin from the centrosomes. We compared the time course of these events using immunofluorescence studies. Engaged and disengaged centrioles can be distinguished by the number of C-Nap1 (free proximal-end marker of centriole) [21] and centrin2 (distal-end component of centriole) [22] foci: engaged centriole pair, 1:2; disengaged centriole pair, 2:2 [6] (see Figure S4A) . Consistent with previous observations [9, 10] , engaged centriole pairs were still detected at telophase and early cytokinesis, whereas disengaged centriole pairs were detected only at late cytokinesis ( Figure S2D, arrows) . Disengaged centrioles (identified by the presence of 2 C-Nap1 foci/centrosome) were associated with faint kendrin signals ( Figure 3E, arrows) , suggesting that centriole disengagement occurs when kendrin is dissociated to a certain extent.
Next, to examine the relationship between the amount of kendrin at the centrosome and centriole disengagement, kendrin expression was suppressed by RNA interference. Figure S3A shows that the frequency of disengaged centrioles and multipolar spindles increased at prometaphase in kendrin-suppressed cells; the latter may be a consequence of centriole overduplication and/or splitting of prematurely disengaged centrioles. These phenotypes agree with those observed in cells derived from patients with Majewski/microcephalic osteodysplastic primordial dwarfism type II, recently identified as harboring mutations in the kendrin gene, PCNT [23, 24] . These results suggest that loss of kendrin from engaged centrioles (to a certain extent) causes centriole disengagement, which may account for the time lag between separase activation and disengagement. Glued as a loading control. The anti-cyclin B1 blot revealed that suppression of kendrin cleavage was not caused by cell cycle arrest at early mitosis. (B) HeLa cells expressing HA-kendrin WT (WT) or HA-kendrin ERRE (ERRE) in combination with Flag-tagged WT or an inactive mutant (CA) of separase were synchronized as in Figure 1D , and the cell lysates were analyzed by immunoblotting. Black and white arrowheads indicate anti-HA-and anti-Flag-specific bands, respectively. The intensity of the fast-migrating bands in the anti-HA blot was quantified as described in Supplemental Experimental Procedures. The cell-cycle progression of these cells was normal, as detected by phosphorylation of MPM2 epitopes. WCL, whole cell lysates. Asterisks indicate cross-reactive bands. Expression of the Noncleavable Kendrin, Kendrin ERRE , Suppresses Centriole Disengagement and Subsequent Duplication To ascertain whether kendrin is a crucial substrate in the separase-dependent disengagement process, we examined the effects of noncleavable mutant (kendrin ERRE ) expression on centriole disengagement. U2-OS cells stably expressing centrin2-GFP were transfected with mCherry-tagged g-tubulin, kendrin WT , or kendrin ERRE expression plasmid, and then fixed at the G1/S phase for immunostaining. About 70% of the control cells (Figure 4A ), g-tubulin-expressing cells (Figure 4B ), or kendrin WT -expressing cells ( Figure 4C ) contained one disengaged centriole pair per cell ( Figure 4E ). By contrast, about 70% of the cells expressing kendrin ERRE contained one engaged centriole pair per cell ( Figures 4D and 4E) . These results indicate that centriole disengagement can be suppressed by expression of kendrin ERRE .
We then examined whether centriole duplication occurs in these cells at a later stage of the cell cycle. U2-OS cells arrested at the G1/S phase as described above were released for 8 hr to pass through S phase. Nearly 80% of the control cells (Figures 4F), g- Taken together, these results indicate that expression of noncleavable kendrin ERRE suppresses centriole disengagement and subsequent centriole duplication.
What, then, is the role of kendrin in the centriole disengagement? One possibility is that kendrin is directly involved in the linkage between engaged centrioles. We carefully observed kendrin localization both before and after centriole duplication by collecting Z-series sections. Figure 4K shows typical images of a single Z-section. Before duplication (C-Nap1: centrin2 = 2:2), kendrin was detected as a ring and a pair of parallel lines (Figure 4Ka ), which may correspond to a cross section and an axial section, respectively, of a hollow cylinder-like structure. C-Nap1 and centrin2 were detected near the opposite ends of the cylinder, suggesting that kendrin encircles the walls of disengaged centrioles. After duplication (C-Nap1: centrin2 = 2:4), kendrin was still detected as cylindrical structures (Figure 4Kb) , maintaining a similar relationship with C-Nap1 and one of the two centrin2 foci. The other centrin2 focus was detected outside each kendrin cylinder (Figure 4Kb , arrows) where no break was observed. These results suggest that kendrin, encircling the walls of mother centrioles, may be involved in the linkage between mother and daughter centrioles. Consequently, cleavage and delayed release of kendrin may liberate daughter centrioles from mother centrioles, leading to centriole disengagement. In addition, an appreciable amount of kendrin was already recruited to disengaged centrioles at the G1/S boundary ( Figure 4A ), when centriole duplication initiates. It is therefore possible that kendrin could be involved in the assembly of new daughter centrioles in the canonical pathway, as is observed during de novo centriole generation in cells overexpressing kendrin/pericentrin [25] .
Another possibility is that the cleavage and release of kendrin may lead to the dissociation of protein(s) involved in centriole engagement. CDK5RAP2, a centrosomal protein (defects in which cause autosomal recessive primary microcephaly [26] ), is involved in the maintenance of engagement [27] and interacts with kendrin [28, 29] . We found that the intensity of the CDK5RAP2 signal at the centrosomes decreased at late mitosis concurrently with that of kendrin (our unpublished data). Kendrin and CDK5RAP2 have also been implicated in cohesion during interphase [14, 30, 31] , suggesting that these two proteins contribute to the formation of both mother-daughter centriole linkage (i.e., engagement) and mother-mother centriole linkage (i.e., cohesion).
On the basis of our results, we propose a model for the possible behavior of kendrin in the centriole cycle ( Figure S4B ). At early G1 phase, newly synthesized kendrin is recruited to the disengaged centrioles; then, the amount of kendrin gradually increases until early mitosis. At anaphase onset, kendrin is cleaved by activated separase and the resultant N-terminal fragment is retained at the centrosomes for a period of time through interaction with as-yet uncleaved kendrin. It is then released from the centrosomes. After, or at the same time as, release of the cleaved kendrin at late mitosis, the tight connection between engaged centrioles is relieved to yield the disengaged configuration, which is then ready for the next round of centriole duplication. There still remains a short time lag between the substantial decrease in kendrin signals (during telophase) and the appearance of two C-Nap1 foci (disengagement at late cytokinesis) ( Figures 3B and 3E) . One possibility is that the amount of kendrin required to maintain centriole engagement is relatively low; thus, disengagement occurs at late cytokinesis. Another possibility is that it reflects the time lag between the dissociation of the mother-daughter connection (disengagement) and visualization of the two C-Nap1 foci. Recently, it was shown that cleavage of the cohesin ring is also required for centriole disengagement [32, 33] . The relationship between kendrin and the cohesin ring, which is transiently recruited to the centrosome during mitosis, in the regulation of centriole disengagement remains to be investigated.
The timing of centriole disengagement must be tightly regulated to restrict centriole duplication to once per cell cycle. We identified the centrosomal protein kendrin as a novel substrate for separase in vertebrates. Expression of a noncleavable kendrin mutant suppressed centriole disengagement and subsequent centriole duplication. Furthermore, sustained association of the kendrin cleavage product with the centrosomes may account for the time lag between separase activation and disengagement. Kendrin may play a pivotal role in the licensing of centriole duplication by protecting the engaged centrioles from disengagement until late mitosis.
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